Abstract. Over the last couple of years, it has been shown that Time Dependent Density Functional Theory (TD-DFT) is able to predict accurately and efficiently the polarizability of molecules, when using appropriate exchange-correlation potentials and (large) basis sets. In a previous paper, we compared the accuracy of the predicted mean polarizabilities of 15 organic molecules with experiment, and with two other computational methods: the Restricted Hartree-Fock (RHF) method and the Direct Reaction Field (DRF) approach, the first of which is ignored in this paper. The (empirical) DRF approach however was shown to give comparable accuracies to TD-DFT with the values computed in just a few seconds. In this paper, we use TD-DFT to compute molecular polarizabilities of the twenty amino acid residues, and compare them with the results obtained with the DRF approach. Although the mean absolute deviation of the DRF values from the TD-DFT values is reasonable (7%), it is more than two times the accuracy normally found with the DRF approach. Therefore we decided to optimize the atomic parameters for these systems, and found after optimization, a good agreement with the TD-DFT values (mean absolute deviation 1.0%). As the TD-DFT calculations were necessarily obtained with two additional hydrogens to saturate the backbone bonds, the molecular value of the polarizability of the amino acid residues is overestimated by the TD-DFT calculations. Therefore, the DRF approach (with the newly optimized atomic parameters) has been used to get the actual polarizabilities of the amino acid residues.
Introduction
Over the last couple of years, many papers have appeared regarding the reliability, accuracy and efficiency of Time Dependent Density Functional Theory (TD-DFT) [1] [2] [3] with respect to the computation of molecular polarizabilities [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . It has been shown [14] that if a sufficiently large basis set is used (for instance a triple zeta valence plus double polarization functions plus diffuse functions, e.g. TZ2P+) with an appropriate exchange-correlation potential (like the van Leeuwen-Baerends potential, usually referred to as LB94 [15] ), the deviation from experiment of the computed polarizabilities is comparable to, or better than, the uncertainty associated with the experimental value [14] . Although the polarizabilities of polymers seemed to be an exception to the rule regarding the success of TD-DFT [16, 17] , recent progress using Time Dependent Current Density Functional Theory [18, 19] has overcome also this shortcoming of standard TD-DFT.
In a previous paper [14] , we have shown for a set of 15 organic molecules that the average absolute deviation from experiment, when using the LB94 potential in a large (TZ2P++) basis set, is only 3.0%, which is comparable to the estimated experimental uncertainty of 2-4%. In the same paper, we compared the TD-DFT results with the values obtained with Restricted Hartree-Fock (RHF) calculations and the Direct/Discrete Reaction Field (DRF) [20] [21] [22] [23] [24] [25] [26] approach. 1 Using a smaller TZP basis set, in order to make a meaningful comparison between the RHF and TD-DFT results, the average absolute deviation of TD-DFT increased to 8% [14] ; however, this is still acceptable in comparison with the RHF results, which showed a deviation of 25%. For that reason, the RHF method is ignored in the present paper. The DRF approach on the other hand was shown to give results comparable to TD-DFT, in only a few seconds. Therefore, the DRF approach has been included also in this paper.
The molecular polarizability is an entity which may be used for polarizable force fields, such as the Direct/Discrete Reaction Field approach [20] [21] [22] [23] [24] [25] [26] . Applications of such force fields are scarce, especially when looking at biomolecules, where usually polarization effects are either completely ignored or mimicked by effective two-body potentials. Although some recent progress has been reported on polarizable force fields for biomolecules [27] , the well defined molecular polarizability property has not yet been recognized and/or utilized for the development of such a force field. Moreover, molecular polarizability values of the amino acid residues have until now, to the best of our knowledge, not yet been reported.
Therefore, we computed the molecular polarizability tensors of all twenty amino acid residues 2 using TD-DFT. For these calculations, we used the same geometries as employed in another paper where a new and accurate charge analysis [28] has been reported. The residues consist therefore of HNHCαHRCOH (with R the side chain), i.e. apart from the bold hydrogen atoms which are needed to satisfy the valency of the system, the normal amino acid residues as they are found in proteins and enzymes. After checking the accuracy of the DRF approach in comparison with these computed TD-DFT values, we can then easily obtain the actual molecular polarizability of the amino acid residues (i.e. the actual residues without the bold hydrogens) by ignoring the bold hydrogens in the DRF calculations.
Computational details
The polarizability of a molecule can be obtained from a Taylor expansion of the energy U about the electric field strength E:
Details of the specific TD-DFT formulas for obtaining the molecular polarizabilities can be found elsewhere [1] [2] [3] [4] 10, 29] , but as has been stated in our previous paper, the formulas are comparable to the Coupled Perturbative Hartree Fock (CPHF) equations [30] . For clarity, the expressions used in the DRF approach are reported here again, as they are less well-known than the TD-DFT or CPHF equations.
Consider a system of N polarizable points, which are placed in an external field E ext ; the induced dipole moment in point p is then a function of the external field as well as the induced dipole moments in the other polarizable points q:
This can be rewritten in matrix notation (M = A(E + T M)), and solved to give M = (A −1 − T ) −1 E, which gives the molecular response to an external field. The 3N × 3N (A −1 − T ) −1 -matrix can then be reduced to a normal 3 × 3 polarizability tensor to give the molecular polarizability tensor. Without screening for overlapping charge densities this equation could lead to the so-called polarization catastrophe, which has been "repaired" by Thole in 1981 [31] . In the Thole model [20, 31, 32] , the interactions between polarizabilities are screened for overlapping charge densities by using a simple exponential model (where u is a reduced distance due to the screening, and the f V , f E and f T factors screen the normal electrostatic potential, field and dipole field respectively):
All TD-DFT calculations have been performed with the Amsterdam Density Functional (ADF) [33] program (version 2002.02), where 4-5 nodes have been used in parallel (LAM-MPI) jobs to speed up the calculations. As sulphur had not been included in the previously used TZ2P++ basis set, the largest standard available basis set in the 2002.02 version of ADF (QZ4P ZORA basis set, which does include sulphur) has been used for all molecules, using the LB94 exchange-correlation potential; as already indicated this basis set should be and has been used using scalar relativistic calculations using the ZORA Hamiltonian [34] . This Hamiltonian provides an efficient way to include relativistic corrections in the calculations [33] and has negligible effects when used on molecules containing no heavy atoms (as in this case). For systems containing heavy atoms this should be the preferred option anyway, while in this case no harm is being done by adding the (in this case negligible) relativistic correction total CPU time needed (in these parallel runs) ranges then from less than 2 hours for Gly to almost 27 hours for Trp on a Pentium-Linux cluster.
Results
Before reporting the molecular polarizability values of the amino acid residues, we should get an idea of the effect of using the QZ4P basis set instead of the previously used TZ2P++ basis. Therefore we reran the calculations on the previously used 15 molecules with the same geometries, but now with the QZ4P basis. No direct comparison can be made regarding the CPU time, as the current jobs were performed on a Pentium-Linux cluster, while the previous jobs were performed on a SGI Powerchallenge; nevertheless, the total time needed for these jobs is only 22 hours of walltime (on 2 nodes of the Pentium-Linux cluster).
The LB94/QZ4P results (see Table 1 ) show a small improvement over the LB94/TZ2P++ results; the average deviation decreases from 0.9 to 0.2%, while the average absolute deviation decreases slightly (from 3.0 to 2.7%). Also the standard deviations of these averages are smaller for the QZ4P basis (3.5% Table 1 Comparison of the computed polarizabilities (a.u.) in the QZ4P basis with the previously computed TZ2P++ values [14] and experimental data [14] for the average deviation, 2.2% for average absolute deviation) than for the TZ2P++ basis (3.7% and 2.4% respectively). Now that we have established that the results may be obtained as accurately in the QZ4P basis as in the TZ2P++ basis, we move on to the actual amino acid residues. The molecular polarizability values in the QZ4P basis with the LB94 xc-potential are given in the first column of Table 2 . To the best of our knowledge, there are no experimental data to compare the computed results with. The computed polarizability values are found in the range between 40 (Gly) and 157 (Trp), and exhibit the normal features when comparing between two similar residues; i.e. the difference between glycine and alanine (replacement of a hydrogen by a methyl group) is around 13 a.u., while the subsequent change to valine (another two hydrogens replaced by methyl groups) adds another 26 a.u. Also the increase of the polarizability of cysteine (76.9 a.u.) relative to serine (56.6 a.u.) indicates the larger atomic polarizability of sulphur relative to oxygen. This is reflected already in the atomic polarizabilities as used in the DRF approach (see Table 3 ), which show a much larger value for sulphur than for oxygen. The standard DRF parameters are shown to provide amino acid polarizabilities with reasonable accuracy, if the TD-DFT values are taken as reference; the polarizability values are underestimated by some 7% (as indicated by both the average deviation and average absolute deviation). Although this is only slightly larger than the experimental uncertainty of polarizability values (which has been estimated at 2-4%) [14] , it is more than twice as large as previously found (for organic molecules) [14, 32] . Therefore we decided to optimize the atomic polarizability values based on the TD-DFT molecular polarizabilities for the amino acid residues (in this optimization the a-factor was kept constant at 2.1304). The resulting atomic polarizability values are given in Table 3 , while the molecular values from them are given in Table 2 .
By optimizing the atomic polarizabilities we obtain a very good reproduction of the TD-DFT molecular polarizabilities; the average deviation is effectively zero, while the average absolute deviation is about 1%. This is a significant reduction from the values obtained with the standard DRF parameters, and a clear improvement over the values obtained usually with the DRF approach in comparison with experimental data (which have been shown to give an average absolute deviation of some 3-4%). The same patterns as for the TD-DFT data are observed when comparing different amino acid residue, i.e. the replacement of a hydrogen by a methyl group (Gly → Ala) is accompanied by an increase of the molecular polarizability of some 13 a.u., while the subsequent double replacement of two hydrogens by two methyl groups (Ala → Val) gives an increase of the molecular polarizability of roughly 26 a.u. Also the more polarizable nature of the Cys residue in comparison with the Ser residue (featuring the difference in polarizability of the the sulphur vs. oxygen atoms) is well reflected by the optimized DRF parameters. These two molecules form a typical example for the underestimation observed by the standard DRF parameters; while the TD-DFT molecular polarizability changes from 57 to 77 a.u. between the Ser and Cys amino acid residues, the difference in atomic polarizability of the oxygen and sulphur atoms is only about 10 a.u. in the standard set. With the optimized DRF parameters, the oxygen value is slightly reduced to around 4 a.u., while the sulphur value is increases significantly to almost 26 a.u., which gives rise, among other effects, to the very good agreement between the molecular polarizabilities from the DRF optimized set and the TD-DFT calculations.
As we have a very good agreement between the TD-DFT and the optimized DRF parameter set, we can apply the latter now to find molecular polarizability values for the true amino acid residues (NHCHRCO), i.e. the amino acid residues as they are found in protein/enzyme structures without the additional hydrogen atoms that were needed for satisfying the valency of the atoms (replacing the backbone connecting atoms). The molecular polarizability values for the true amino acid residues NHCHRCO are given in the last column of Table 2 , and show on average a reduction compared to the optimized DRF values by some 2 a.u. This may not come as a surprise as the atomic polarizability of a hydrogen atom is 1.2 a.u. within the optimized DRF parameter set, but without using the DRF approach it would have been very hard to find a value for it. This is also one of the major advantages/achievements of the DRF approach, as it provides molecular polarizabilities that are based on physical grounds, easily understood and easily obtainable. As the molecular values are obtained in less than 1 sec, the reported atomic polarizability values may be useful for the development of future polarizable force fields that include amino acid residues.
Conclusions
We have performed high-level Time Dependent Density Functional Theory (TD-DFT) calculations to calculate the molecular polarizability tensors of the amino acid residues, and calibrated them with the Direct Reaction Field (DRF) approach. The standard atomic polarizabilities used in the latter are shown to give an average absolute deviation of ca. 7%, which is very reasonable if the time needed is taken into consideration. However, as this deviation is more than twice as large as obtained usually with the DRF approach, we decided to optimize the atomic polarizabilities. After optimization, the average deviation is nihil, while the average absolute deviation is reduced to ca. 1%. With this very good agreement kept in mind, the true molecular polarizability values of the amino acid residues (as represented by NHCHRCO instead of HNHCHRCOH) have been obtained with the optimized DRF parameter set, and showed a reduction of approximately 2 a.u.
